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(54) Title: NUCLEIC ACID CONSTRUCTS AND USES THEREOF FOR DIRECT NUCLEIC ACID INCORPORATION INTO CELLS 



(57) Abstract 



Disclosed are compositions for incorporating nucleic acid into a cell. Transgene constructs that include a desired nucleic acid sequence 
of interest may be injected into a cell together with a protein to provide site specific or random incorporation of the nucleic acid sequence 
into the chromosomal DNA of the cell. The transgene construct and the protein are included in the described compositions together, with 
the protein facilitating the incorporation of the nucleic acid sequence of interest within the transgene construct, directly into the nucleic 
acid of a cell in a site-specific manner. In other embodiments, the compositions include a transgene construct and an expression construct, 
the expression construct including a nucleic acid sequence that encodes an enzyme capable of facilitating the incorporation of the transgene 
sequence of interest into a cell. The invention further includes methods for incorporating a foreign nucleic acid into a cell employing a 
microinjection method. In particular embodiments, the method may be employed to introduce foreign nucleic acid into cells that grow in 
a non-adherent state. In these applications, the cells are immobilized onto a substrate surface that includes an adherent molecule, such as 
fibronectin. Alternatively, the cells may be stabilized sufficiently to permit microinjection using holding pipettes or through the stimulation 
of the cells themselves to express molecules on their surface which bind chemical entities included _at the surface of a culture plate. 
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hnjCLEIC ACID CONSTRUCTS AND USES THEREOF 
FOR DIRECT NUCLEIC ACID INCORPORATION INTO CELLS 

This application claims the benefit of U. S. Provisional Application No: 60/033,816, 
.,.5. - filed 23. December 1996. - - - ^- - - - • - - . .....^^ 



TE CHN ICAL FI E L P 

The present invention relates to the technical field of nucleic acid incorporation into 
cells. The invention further relates to the technical field of gene therapy, as techniques 
1 0 described herein may be employed as part of a gene therapy protocol, wherein a number of 
genetic defects related to particular gene defects may be corrected and/or treated. 



BACKGROUND ART 

Hematopoietic stem cell gene therapy offers significant promise for treatment of 

1 5 various diseases. At least three requirements must be satisfied for long-term efficacy of stem 
cell gene therapy: 1) direct genetic modification of hematopoietic stem cells, 2) maintenance 
of transgene sequences in stem cells and their progeny, and 3) long-term transgene ~ 
expression in the appropriate cells. 

The stem cell compartment, likely to be heterogeneous, consists of rare, long-lived, 

20 predominantly quiescent cells that are capable of both long-term reconstitution of the 
complete hematopoietic system in transplanted hosts and some degree of self-renewal 
[Ogawa, 1 993]. Since stem cells require several months to establish hematopoiesis following 
transplantation, they must be supplemented with a larger number of short-term reconstituting 
cells for rapid engraftment [Jones ei al, 1995], For most gene therapy applications, it will 

25 likely be sufficient to modify only the stem cells - rapid reconstitution of progenitor-derived 
unmarked cells would be followed by long term engraftment with genetically marked stem- 
derived cells. 

The introduced therapeutic gene(s) must be successfully transmitted from the stem 
cell to progeny cells requiring the genetic correction. Since currently available episomal 
30 plasmids generally demonstrate only a moderate level of persistence in the absence of 
selective pressure and artificid hu^^ await further development [Harrington 

et al, 1997], chromosomal integration is presently the most viable option for gene 
maintenance. 
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Correction of genetic deficiencies will require that the therapeutic gene be expressed 
in the appropriate cells for the life of the patient. Genetic therapy for the lysosomal storage 
diseases, irrespective of whether tiiey involve soluble or membrane-bound enzymes, will 
. .require . life-long production of- sufficient .^levels of .-tiie"''CorTCct'--en2y-me"-^ih^ 
monocyte/macrophages. Production of insufficient amounts of enzyme will generally lead 
to redevelopment of disease. 

It is well recognized tiiat major problems currently beset the stem cell gene therapy 
field [Orkin and Motulsky. 1996]. Since the development of retroviral transduction 
technology in the mid 1980s, tiiis has been a standard gene delivery technique for 
hematopoietic cells. However, retroviral transduction of primitive hematopoietic cells has 
revealed significant difficulties in satisfying requirements 1) and 3) identified above. It has 

been.clearly demonstrated in-laboratoiy studies; animal models,' and now clinicartrials tiiat 

tiie presentiy employed retroviral vectors rarely transduce the quiescent human hematopoietic 
stem cell, tiius failing to fiilfiU tiie first requirement [Miller etai, 1990; Kohn et al, 1995; 
15 Dick et ai, 1996; Dick, 1996; Nolta et al, 1996]. This is evidenced by the extremely low 
frequency (0.1-1 .0%) of gene marked peripheral leukocytes several months after transplant " 
in human trials - indicating stem cell transduction rates of less tiian or equal to 1% [Kohn et 
al., 1995; Brenner et al, 1993]. The only early human hematopoietic cells efficientiy 
transduced are cycling progenitors and long term culture initiating cells (LTCICs) [Cassel 
et al, 1 995; Hughes et al, 1989], generally capable of sustaining high levels of blood cell 
production in vivo only for a finite period (i.e. approximately 2-12 months) - before they are 
replaced by the progeny of unmodified stem cells. These disappointing results with human 
stem cells contrast sharply with the efficiem retroviral transduction of both stem cells and 
progenitors routinely demonstrated in the mouse system. Tliree distinct factors are likely 
to be responsible for tiie failure to directly transduce human stem cells: a) the quiescent 
nature of the stem cells, b) the absence of the appropriate receptors for retroviral envelope 
on tiie stem cells [Crooks and Kohn, 1995], and c) tiiat tiie retroviral transduction conditions, 
requiring in vitro cycling of stem cells, may actually cause significant loss of stem cell 
function [Nolta et al, 1996]. Altiiough various techniques are being attempted to overcome 
these-difficulties, the^simultaneous solution of all three is not guaranteed. For ex^ple,' 
although lentivirus-based vectors may be capable of transducing some non-cycling cells 
[Naldini et al, 1996], tiie failure of HIV-1 to infect quiescem primary CD4* T-lymphocytes 
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[Zack et al., 1990] (i.e. generating only a partial, labile reverse transcript) suggests that the 
Go stem cells may yet prove resistant to transduction. Thus, significant effort is now being 
devoted to the evaluation of Adeno-associated virus (AAV) vectors for stem cell 

. :..., Jransductiori, .However, ^ther(e.js,.co^ ability to 

5 transduce and stably integrate into quiescent primary cell genomes [Podsakoff el al. , 1 994; 
Halbert et al, 1995; Russell et al., 1994]. 

Even if these gene introduction issues can be solved, significant problems remain in 
satisfying the third requirement for long-term, cell type-specific expression. For example, 
the expression of retrovirus-Uransduced transgenes is frequently silenced in the progeny of 

10 transduced human or primate progenitors, and even in progeny of transduced mouse 
stem/progenitors [Akkina et al., 1994; Challita and Kohn, 1994; Lu et al, 1994]. 
• Furthermore, even in those cells demonstrating some -expression,- there is significant 
variability in the level of expression from cell to cell [Sadelain et al, 1995]. As a 
consequence of this dysregulated expression, hematopoietic cells, although genetically 

15 modified with corrective genes, may not efficiently display the corrected phenotype. 
Interestingly, these same features of dysregulated expression were also observed in the early 
transgenic mouse expression studies [KoUias and Grosveld, 1992]. Subsequent studies 
demonstrated that long-term, position-independent, copy number-dependent, cell-type 
specific expression required not only strong promoter/enhancer elements, but also: a) 

20 sufficient genomic sequences to dominantly confer the appropriate chromatin configuration 
(i.e. an open chromatin conformation in expressing cells) e.g. locus control region (LCR)- 
like elements [Kollias and Grosveld, 1992; Caterma et al, 1994; Talbot et al, 1990] and 
perhaps additional elements to shield the integrated sequences from the effects of 
neighboring chromatin, and b) sufficient intron/exon structure and sequences for high level 

25 expression [Brinster et al, 1988]. Unfortunately, the strict packaging requirements for 
retrovirus vectors (maximum of 8 kb inserted sequences), and the even stricter requirements 
for AAV vectors (maximum of 4 kb) [Miller et al, 1994], may preclude inclusion of 
sufficient regulatory sequences and/or intron/exon structure for therapeutic applications 
requiring even moderately regulated therapeutic gene expression. For example, recent 

30 studies examining inclusion of LCR sequences in.retroviral and AAV vectors showed- 
extreme variation in the level of u-ansgene expression from cell to cell [Sadelain et al, 1995; 
Einerhand et al, 1995]. It is also possible that strong splicing signals (i.e. inu-on/exon 
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Structure) or cryptic splicmg signals in transgene sequences will interfere with retroviral 
packaging of the desired unspliced full-length construct [Einerhand et ai, 1995]. 

The inability of the cunrent technologies to efRcienUy transduce stem cells is a major 
, deficiency, thus warranting distinct and innovative approaches^^^^^ 
5 Electroporation and liposome-mediated transfection technologies have been reported 

for gene delivery to hematopoietic cells. However, tiiese methods are associated with 
inherent features tiiat raise questions regarding their appropriateness for stem cell gene 
therapy. These features include a) the inability of either method to transfect a significant 
percentage of enriched primaiy primitive hematopoietic cells of mouse and man (Toneguzzo 

10 and Keating, 1986; Harrison et ai, 1996], b) significant variation from cell to cell in the copy 
number of DNA molecules transfected, and c) transient retention of the transgene with only 
- ^ small minority of cells (I-in 10* - 10' for electroporation) becoming stably transduced 
[Philip et ai, 1994]. Although less information is available on the recentiy developed 
particle-mediated bombardment technique for gene delivery, a recent primary T-cell 

15 transfection study reported a 2-10% transfection rate 5 days post bombardment witii 1.6 
micron gold particle/DNA complexes [Woffendin et ai, 1994]. Based on the present' 
inventor's studies witii needle sizes in the size range of tiiese particles, stem cell damage 
would be unacceptably high. It is also not clear tiiat tiie available non-viral transduction 
methods would permit co-delivery of proteins witii DNA - required for anticipated fixture 

20 applications. 

Clinical applications of gene tiierapy require tiiat tiierapeutic genes delivered to 
quiescent stem cells persist botii in tiie self-renewing stem cells and in tiieir 
maturing/differemiating progeny. Irrespective of tiie gene transfer metiiod, it is crucial to 
understand how stem cells, and particularly quiescent stem cells, handle and integrate foreign 

25 DNA sequences. Very little is known regarding tiie fate of DNA (e.g": whetiier it is integrated 
imo chromosomal DNA) introduced into tiie nuclei of stem cells, and particularly quiescent 
stem cells. Viral transduction of primaiy or quiescent cells may be blocked at several points 
before integration (e.g. incomplete reverse transcription or transport to tiie nucleus for 
retroviruses [Miller et ai, 1990; Zack et ai, 1990], incomplete conversion of single stranded 

30 DNA to double stranded proviral DNA for.AAY [Russell et ai, 1 994]).-This has made it 
very difficult, in tiie context of tiie nomial A^V or retrovirus life cycle, to focus specifically 
on the u^sgene integration process in stem cells. The literature has not revealed any 
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evidence that integration of microinjected sequences is dependent on cycling. The ability of 
wild-type HIV- 1 to stably transduce quiescent macrophages [Weinberg era/., 1991) and cell- 
cycle arrested CD4* HeLa or T lymphoid cells [Lewis et al, 1992] indicates that integration 
in non-proliferating cells is, .in.fact,possible..Jntegrauon ofHW.-J.proviral'.DNA is mediated 

5 by the Integrase enzyme. Some studies indicate that integration of M-MuLV sequences need 
not occur during mitosis [Roe et al, 1993]; in addition, both chromatin and naked DNA can 
serve as integration targets in vitro [Pryciak et ai, 1992]. Although there is little question 
regarding the ability of wild-type HIV-l to integrate in quiescent cells, this has not yet been 
conclusively demonstrated for HIV-1 based vectors. HIV-l based vectors have been reported 

10 to be capable of establishing a stable transduction intermediate in quiescent Rat 208F 
fibroblasts [Naldini et al, 1996]. Cells recruited from quiescence even 8 days after original 

infection had stable transduction frequencies equal to 50% of those infected while in a 

cycling state. 

A need continues to exist in the medical arts for a method that provides for an 
1 5 improved cell viability upon introduction of genetic material into a cell. 

DISCLOSURE OF THF INVENTION 



The present invention in one aspect relates to the delivery of transgenes. or transgenes 
20 complexed with integration enzymes, directly to the nuclei of cells. Such has resulted in the 
increased incorporation of the transgene into the chromosomal DNA of the cell. In some 
embodiments, delivery is targeted to primitive cord blood stem cells. This technology will 
overcome the obstacles to transduction encountered by retroviruses and AAV vectors. The 
present invention proposes the use of Integrase-mediated integration of appropriately 
25 LTR-flanked transgenes in quiescent cells. When considered together with the propensity 
of retroviral DNAs to integrate into the chromatin of active genes, this indicates to the 
present inventor that integration is enhanced in the presence of open transcriptionally active 
chromatin. That is, AAV vectors and Type C retrovirus had not prior to this time been 
reported to be capable of accomplishing integration readily into quiescent cells. 
30 Generally stated, the present invention in some aspects provides for a method of 

introducing nucleic acid into the chromosomal nucleic acid of a cell employing a particularly 
defined composition that includes a protein and a transgene construct. The transgene 
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construct may be further defined as comprising a nucleic acid sequence of interest flanked 
by a terminal fiagment of a long temimal repeat sequence (LTR). such as a retroviral LTR. 
The temiinal fegment may include a length of about 10 to about 300 nucleotides, or between 

. about 10 to abut 250 nucleotides, or in-even further defined'em^^^^ 

5 to about 200 nucleotides, in length. 

In some embodiments, the protein is defined as an enzyme, such as a retroviral 
integrase. The protein in other embodiments of the invention may be further defined as a 
fiision protein, such as an enzyme fiised to a nucleic acid binding protein. In yet other 
embodiments, delivery is particularly targeted to primitive cord blood stem ceUs. ITie ability 
3 to deliver larger regions of DNA (containing required regulatory elements and significant 
intron/exon structure) than those packageable in retrovirus or AAV virions will avert the 
dysregulated . expression and silencing frequently observed in the progeny of tiaiisduced 
stem/progenitor cells. 

The present invention provides improved compositions containing integrase for 
i delivery of genetic material to cells. In particular embodiments, the cells are hematopoietic 
stem cells. Microinjection has only rarely been used for primary hematopoietic cells", niis" 
has largely been due to the inability to effectively immobilize hematopoietic cells for 
microinjection, as well as the significant damage caused by standard microinjection needles 
to the much smaller hematopoietic cells. The presem invention reduces both these technical 
' difficulties. In this regard, the invention in one aspect, provides a novel method for 
temporary immobilization of primitive hematopoietic cells (CD34-, CD347CD38-, 
CD347CD387Thy-l"') allowing cells to be rapidly microinjected and then released for 
subsequent culmre and/or transplantation. Fine micropipets with 0.05 - 0.5 micron tip 
diameter, or 0.12 - 0.2 micron tip outer diameter (O.D.), capable of controllable minimal 
flow rates, and causing minimal injury to microinjected cells (6-"8 micron diameter) are 
employed in some embodiments of the invemion employing the nucleic acid injection 
preparation described herein. One advantage of the herein described method is that 
microinjection of minute quantities of either DNA and/or proteins suffice for injection of 
numerous cells. Until recem years microinjection was not a reasonable option for stem cell 
modification due to inadequate characterization of the human stem cell phenotype....But with, 
recent identification of enriched populations of primitive human hematopoietic cells likely 
to include stem cells (e.g. CD3471in-/Thy-l'« ^ CD347CD45Ra-^7CD71-"my-I""^ 
CD347CD38- '^ CD347c-kit-. CD347CD38 /CD33 /CD19-/CD45Ra/c-kit-). the number 
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of cells requiring genetic modification has reached a point where gene modification at a 
single cell level may be a viable alternative. 

This innovative approach, focused on modifying one cell at a time as well as multiple 
., cell injection, . including .the automated injection techniques,- provides^ari-ecbnbmically. 
5 feasible approach to current cell modification and gene therapy approaches. 

Primitive cord blood stem cells will be more efficient tiian delivery of same witii 
retroviruses and AAV vectors. It is fiuther contemplated that larger regions of DNA, such 
as those containing required regulatory elements and significant intron/exon structure, than 
tiiose deliverable by rett-oviruses or AAV virions will be deliverable by the present 

1 0 microinjection metiiod and will avert the dysregulated expression and silencing frequentiy 
observed in the progeny of transduced stem cells. 

.In some embodiments, the methods include the use of one or more integrases as tiie 
particular protein enzyme. By way of example, these integrases include AAV Rep^* or 
retroviral integrases such as M-MuLV, HIV-1, SIV, FeLV, RSV, AMV, or EIAV. These 

15 integrases may be in tiie form of expressed recombinant proteins (expressed either in 
bacteria, insect cells, or eukaryotic cells) and be eitiier wild-type integrase protein or" 
modified in tiieir amino acid sequence. Modification of the amino acid sequences may occur 
via several techniques, such as: a) by fusion with additional amino acids to facilitate 
purification (e.g. histidine tagged. Glutathione S-Transferase (GST) tagged, Maltose Binding 

20 Protein (MBP) tagged), b) by fiision with amino acid sequences which provide for binding 
to specific DNA sequences (DNA binding protein) - and therefore site-preferred or site- 
specific targeting of integration to specific sites witiiin chromosomal DNA), c) by site 
specific mutation in the integrase amino acid sequence to provide for greater integrase 
protein solubility, to provide for increased efficiency in performing tiie integration reaction, 

25 etc. ~ 

Although in vitro integration can be accomplished at some frequency witii ALTRmv.i 
sequences and IntegrascHiv., alone, inclusion of particular cellular proteins (e.g. tiie human 
homolog of yeast transcription factor SNF5 [Kalpana et al. , 1 994] and DNA bending protein 
HMGl [Famet and Bushman, 1997]) may also be used to even furtiier increase tiie efficiency 
.30 of the incorporation and integration. Increased integration efficiency may tiierefore be 
achieved by inclusion of such cellular proteins in tiie DNA/Integrase mixture to be delivered 
to ceils. 



7 



"^^^SnS^n PCr/US97/2423< 

The present invention further provides for the co-delivery with the transgene 

constnict and retrovial integrase other viral proteins that are normally present in the retroviral 

pre-integration complex. For example, M-MuLV gag proteins are present in the M-MuLV 

pre-integration complex,.potentially increasing tHeeffia 

5 

BJUEF DESCRIPTION OF PR AWmrx?; 

The following drawings form part of the present specification and are included to 
further demonstrate certain aspects of the present invention. The invention may be better 

1 0 understood by reference to one or more of these drawings in combination with the detailed 
description of specific embodiments presented herein. 

FIG. 1 Introduction of transgenes into cells together with speci^^^^^ 
to facilitate integration. Constructs flanked by the termini of retroviral long terminal repeats 
(LTR) will be co-delivered with retroviral integrase. This approach could apply to any 

15 retrovirus (e.g. a lenti-virus such as Human Immunodeficiency Virus type I or a type C 
retrovirus such as Moloney Murine Leukemia Virus). Constructs flanked by the AAV 
inverted terminal repeats (ITR) will be co-delivered with AAV Rep^*. Although this 
schematic shows introduction of both the transgene construct and the integration enzyme by 
microinjection, both transgene and enzyme could potentially be delivered by other means, 

20 such as electroporation, liposome-mediated gene transfer, or particle-mediated bombardment. 
In addition, it is possible that the integration enzyme would not need be delivered as protem. 
Rather, it could be co-delivered as a DNA expression construct together with the transgene 
targeted for integration. If only the transgene, and not the integration enzyme expression 
construct, was flanked with LTR or ITR sequences, this would facilitate integration of only 

25 the desired transgene. ^ 

FIG. 2. Strategies for integration. Simple introduction of the transgene and 
regulatory elements into the cell, when resulting in integration, should result in integration 
at random sites, with possible head-to-tail concatamers. Simple addition of the AAV ITR 
sequences are expected to provide increased rates of integration. High frequencies of 
integration have been observed for rep" AAV vectors„which like this construct, only contain- 
ITR sequences and no Rep'«. The precise structure of the rep" AAV DNA prior to integration 
may either exist as a linear duplex flanked by ITRs, or be circularized in the nucleus prior to 
integration. Hence, the present invention proposes that increased rates of integration may 
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result from circularization of the 2 ITR-containing construct. In the absence of the rep gene 
products the integrants generally show no specificity for the AAVS 1 region of Chromosome 
19. Addition of Rep'* protein (shown in the next construct) is expected to increase the 
preference of integration for Chromosome 1 9, since Rep^? recognizes DNA sequetices both 
5 in the AAV ITR and the Chromosome 19 AAVSI region. In the next construct, the gene 
construct is flanked by sequences derived from a retroviral LTR. For example, the only 
M-MuLV LTR sequences required for in vitro integration reactions are the extreme 10-12bp 
LTR termini. The M-MuLV viral enzyme Integrase interacts with these sequences to 
facilitate integration in vitro and in vivo. There appears to be no site specificity for 
integration of M-MuLV based vectors, although there is some preference with respect to 
nucleosomal conformation. Shown in the next part of the diagram is the interaction with the 
LTR sequences of a fiision protein between Integrase and a DNA binding protein. This DNA 
binding domain could either be derived from an existing DNA binding protein, or a novel 
protein could be designed and synthesized to have a high affinity for specific genomic DNA 
1 5 sequences. For example, it is possible that specific targeting of transgenes to the globin locus 
would facilitate their expression specifically in erythroid cells. 

FIG. 3. Diagramed are the two fiision proteins expressed and purified in our 
laboratory to facilitate integration of microinjected DNA sequences. Shown above is a fusion 
between the maltose binding protein and the Rep" protein of AAV. This was expressed from 
20 an MBP-Rep'* expression construct (Batchu et al. , 1 995). The MBP-Rep'" fusion protein, 
purified in the identical manner, was reported to exhibit in vitro binding to the AAV ITRs, 
endonuclease activity, and helicase activity. Should the MB? sequences interfere with 
integration activity (in the cell), they may be removed from Rep" by cleavage with factor Xa 
(a factor Xa cleavage site is present at the site of fiision between MBP and Rep"). Shown 
25 below is a similar fiision between MBP and the integrase gene of M-MuLV. The M-MuLV 
integrase gene was cloned from a construct described in Jonsson et al., (1993) - and cloned 
into the pMALc2 vector used for expression of MBP-Rep". However, the strategy described 
is not limited to MBP-ftision proteins in the practice of the present invention. It could 
equally well employ any expression and purification strategy - for example, GST-fiisions, 
30 histidine-tagged expression and purification, baculovirus expression vs. E. coli expression, 
and expression in eukaryotic cells. 

FIG. 4A and FIG. 4B. Purification of MBP-Rep" fiision protein. FIG. 4A: bac .rf- ' 
lysates from pMAI.-Rep" transformed bacteria - grown either in die absence of IPTG, o" 
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presence of IPTG (to induce MBP-Rep" expression). FIG. 4B: A new band of approximately 
120 kD is present in the +IPTG lane. Bacteria grown in the presence of IPTG were 
sonicated, and the supernatant passed twice over an amylose column. MBP-Rep™ was eluted 
. ,&om the column by addition of maltose: There is ah additiohal co-piirifying balid, railing 
at a somewhat lower molecular weight. [Batchu et aL 1995] postulated that this may be a 
product of a favored proteolytic cleavage of the full length MBP-Rep" or due to a favored 
early temiination product. By scamiing the gel, the purity of this preparation is estimated to 
be 90-95%. 

FIG. 5. PurificationofMBP-Integrasefiision protein. An expression construct fusing 
the MBP sequences with the M-MuLV Integrase gene [Johnson et aL, 1993] was prepared. 
Sequencing of the expression construct confirmed the appropriate in-frame fusion. The 
protein expressed and purified similarly to that described in HG. 4 aboVe for 
MBP-Rep'«. Bacteria grown in the presence oflPTG were sonicated, and the supematant 
passed once over an amylose column. A strong band running slighUy slower than the 85 kD 
molecular weight marker is consistent with the estimated 88 kD fusion protein. The purity 
of this preparation is estimated to be in the range of 70-80%. 

FIG 6. Sample constructs to be employed in assaying integration enzyme-mediated 
integration; prsGFP-MGMT contains both the humanized red shifted Green Fluorescent 
Protein gene (GFP; from Gibco BRL, pGREEN) and the human 0*-methyIguanine DNA 
methyltransferase gene. All transgenes in this and the following constructs are driven by the 
phosphoglycerate kinase (pgk) promoter sequences. This particular construct is flanked by 
rare enzyme sites (Fse 1, Pac 1, Asc 1, Sfi 1) to readily permit removal of bacterial plasmid 
sequences to obtain linearized transgene sequences only (by restriction enzyme digestion and, 
if necessary, eluting the correctly sized fragment firom a preparative agarose gel). prsGFP- 
MGMT/ITR contains the AAV2 ITR sequences flanking the prsGFP-MGMT sequences. 
Again, linear sequences absent of bacterial plasmid sequences will be obtained by digestion 
with Fse I and Sfi I enzymes. It is also possible to obtain this construct in a circularized form 
by converting the Sfi I site to an Fse I site, digesting with Fse 1, and religaUng to form a 2- 
ITR containing circle. Since this may be the appropriate substrate for AAV integration, this 
circularized construct may integrate more easily than the linearized, either in the absence or 
presence of Rep'». The last construct consists of linearized rsGFP-MGMT/ALTR obtained 
by PCR amplification with primers containing, at their 5' ends, 20 bases of sequence 
corresponding to HIV-1 LTR termini. PGR amplification was used to generate double 

10 
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Stranded linear constructs flanked by the appropriate HTV-l temiini. If the 20 bp of sequence 
are not sufBcient for efBcient integration, the strategy may be modified to include additional 
LTR sequences. 

. fe?r??i9apf pgk-tk/ALTRfflv.i- Shown.is.the construct containing the 

5 herpesvirus type 1 thymidine kinase (tk) gene, together with the phosphoglycerate kinase 
(pgk) promoter. Also shown are SV40 splice donor/acceptor and polyadenylation sequences. 
PGR primers were designed to generate a 2.74 kbp linear fragment containing the pgk and 
tk sequences, spanned by the terminal sequences of the HIV-1 LTR. The primer (HIVU3; 
36 bases) employed upstream of the Fse I site included 20 bases conesponding to the 

10 terminus of the U3 region (underlined) and 16 bases corresponding to sequences in the 
original pCMVp vector (5' ACTGGAAGGGCTAATTrArTmrrrnnAAnnnnn^jn 3^ 
(SEQ ID NO: 1). The primer (HIVU5; 35 bases) employed downstream of the Sfi site 
included 20 bases corresponding to the teraiinus of the U5 region (underiined) and 15 bases 
corresponding to sequences in pCMVp (5' 

1 5 ACTGCTAOAgATTTTCCACACAGGAAACAGCTATG 3') (SEQ ID NO: 2). Amplified 
linear double stranded DNA was obtained after 30 cycles of PGR amplification employing ' 
Vent DNA polymerase (New England Biolabs). After PGR, the PGR.product was extracted 
with chloroform, precipitated with sodium acetate and alcohol, resuspended in TE, subjected 
to electrophoresis in a 1% agarose gel, gel purified using a Geneclean kit (Bio 101), 

20 precipitated with sodium acetate and alcohol, resuspended in water, filtered through a 0. 1 
micron filter, and stored at -20 deg G until use. 

FIG 8. pgk-tk/ITR. Shown is the pgk-tk construct, flanked by AAV ITRs to generate 
pgk-tk/ITR. Linearized ITR-flanked pgk-tk sequences are obtained by digestion with Fse 
I and Sfi I, and then gel purified to eliminate bacterial plasmid sequences, since bacterial 

25 plasmid sequences have been shown to interfere with gene expression in transgenic mice. 

FIG 9. Generation of covalently closed circles for facilitating integration. cir-rsGFP- 
MGMT/ITR will be employed as a circular double-stranded DNA in some aspects of the 
present invention. A plasmid backbone containing the AAV ITRs has been constructed, and 
the rsGFP-MGMT sequences inserted between the Pac 1 and Asc I sites to generate prsGFP- 

30 MGN4T/ITR. Linearized ITR-flanked rsGFP-MGMT sequences have been obtained as 
described above by digestion with Fse I and Sfi I. Gircularized rsGFP-MGMT/ITR 
sequences, absent the plasmid backbone, will be generated as diagramed in Fig. 9. The Sfi 
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I Site was converted in prsGFP-MGMT/ITR to create a second Fse I site. TTiis will be 
linearized and the backbone plasmid sequences removed via Fse I digestion, religate to 
circularize at the Fse I site, and purified for circular molecules on an agarose gel prior to 
-microinjection. \ — ^ . . .. ... .• - 



BEST MOQFS FOR CARP YTNG OTIT J^fV jsnrjr^^jjr.^^ 

The present invention in some embodiments provides a method for the transduction 
of hematopoietic stem cells (HSCs) and thus an alternative strategy for their direct genetic 
modification by: 1) direct delivery of DNA sequences into the nuclei of HSCs by 
microinjection; 2) integration of microinjected transgene sequences in the chromatin of HSCs 
and persistence of those sequences in the progeny of said HSCs; and 3) microinjection of 
sufficiently large (1 5-25 Kb) transgenic DNA constructs containing regulatory elements, such 
as promoters, enhancers and LCRs. and intron/exon structure necessary for appropriate long- 
term, cell type-specific expression of the introduced transgenes; and 4) microinjection of 
DNA/protein mixtures with the protein(s) included in the injection sample having gene ' 
targeting activities. 

Genetically modified HSCs prepared according to the methods of the present 
invention can be employed for gene therapy applications once said modified HSCs have been 
20 delivered to humans for long-term reconstitution. 

According to other embodiments of the present invention, hematopoietic stem cells 
that have been modified by microinjection of foreign material can be used to treat a variety 
of physiological disorders such as. by way of example' and without; limitation. AIDS, 
tiialassemia, sickle cell anemia, and adenosine deaminase deficiency. 

The physiological disorders contemplated within the invention will be responsive to 
gene therapy. By "responsive to gene therapy" is meant tiiat a patient suffering from such 
disorder will enjoy a tiierapeutic or clinical benefit such as improved symptomatology or 
prognosis. 

As indicated above, one aspect of the presem invemion relates to the use of modified 
HSCs. as cellular vehicles for gene transfer. The genes, or transgenes. can be any gene 
having clinical usefiilness, for example, therapeutic or marker genes or genes correcting gene 
defects (e.g. mutant hemoglobin genes in tiialassemia or sickle cell anemia) in blood cells. 
In some embodiments, the primary human cells are blood cells. The term "blood cells" as 
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used herein is meant to include all forms of blood cells as well as progenitors and precursors 
thereof, as hereinabove described. 

Thus, in one embodiment, the invention is directed to a method of enhancing the 
. . _therapeutic.effects of HSCs, comprising: (i)microin^ 
5 segment encoding a product that enhances the therapeutic effects of the human primary cells; 
and (ii) introducing the genetically modified HSCs resulting from step (i) into the patient. 

The DNA produces the agent in the patient's body, and, in accordance with such 
embodiment, the agent is expressed at the tissue site itself. Similarly, as hereinabove 
indicated, HSCs which are genetically engineered need not be targeted to a specific site and, 
10 in accordance with the invention, such engineered HSCs and their progeny fiinction as a 
systemic therapeutic; e.g., a desired therz^eutic agent can be expressed and secreted from the 

cells systemically. 

More specifically, there is provided a method of enhancing the therapeutic effects of 
HSCs. that are infused in a patient, comprising: (i) microinjecting into the HSCs of a patient 
15a DN.^ segment encoding a product that enhances the therapeutic effects of the blood cells; 
and (ii) introducing cells resulting from step (i) into the patient. 

The primary human blood cells which are the progeny of modified HSCs and which 
can be used in ttie present invention include, by way of example, leukocytes, granulocytes, 
monocytes, macrophages, lymphocytes, and erythroblasts. For example, stem cells from 
20 thalassemic or sickle cell anemia clients that are genetically modified with the appropriate 
hemoglobin gene may give rise to genetically corrected red blood cells. 

The DNA carried by the HSCs can be any DNA having clinical usefulness, for 
example,, any DNA that directly or indirectly enhances the therapeutic effects of the cells. ' 
Alternatively, the DNA carried by the HSCs can be any DNA that allows the HSCs to exert 
25 a therapeutic effect that the HSCs would not normally exert. Examples of suitable DNA, 
which can be used for genetically engineering, for example, blood cells, include those that 
encode cytokines such as tumor necrosis factor (TNF), interleukins (for example, interleukins 
1-12), globin genes, DNA-repair genes, drug-resistance genes and HIV (Human 
Immunodeficiency Virus) resistance genes. 
30 The DNA which is used for transducing the human cells can be one whose expression 

product is secreted from the cells. Alternatively, it may encode for gene products retained 
within the cell. The human cells can also be genetically engineered with DNA which 
functions as a marker, as hereinafter described in more detail. 

13 
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In one aspect, the inserted genes are marker genes which permit determination of the 
traffic and survival of the transfomied cells in vivo. Examples of such marker genes include 
the neomycin resistance (neoR) gene, multi-drug resistant gene, thymidine kinase gene p. 
galactosidase, dihydrofolate reductase (DHFR) and chloramphenicol acetyi tra^fei^;; " 

The HSCs are genetically engineered in vitro. For example, cells may be removed 
from a patiem and stem cells isolated; genetically engineered in vitro with DNA encoding 
the therapeutic agent, with such genetically engineered HSCs being readministered along 
with a pharmaceutically acceptable carrier to the patient. Such a treating procedure is 
sometimes referred to as an ex vivo treatment. 

As part of a clinical treatment regiment for a patient having cancer or at risk of 

developing cancer.the progeny ofthemodifiedHSCspravideapopuIationofprimaiy human 
cells that express the product of the genetic foreign material microinjected into the parent 
HSCs. 

The pharmaceutically acceptable earner may be a liquid carrier (for example, a saline 
solution) or a solid carrier; e.g., an implant. In employing a liquid carrier, the engineered 
cells may be introduced parenterally. e.g., intravenously, sub-cutaneously. intramuscularly,, ~ 
intraperitoneally, or intralesionaly. 

The following abbreviations have been used in the preparation of this disclosure. 
pCMV-p DNA plasmid expressing the P-gal reporter gene under 

control of the cytomegalovirus (CMV) promoter/enhancer- 
sequences. 

FITC-Dextran FITC coupled to dextran ' 

25 CD34+CD38-Thy-14. the CD38Thy-r (actually Thy-1'°) sSpopulation of CD34* 

cells isolated by FACS. 

^^^^ Iscove's Modified Dulbeccos Media. 
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The foregoing will be better understood with reference to the following examples 
which detail certain procedures according to the present invention. All references made to 
these examples are for the purposes of illustration. They are not to be considered limiting 
as to the scope and nature of the present invention. 
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EXAMPT.Fr 1 

DELTVF.R Y OF FTTr-DFYTB AN Tn TMMORn.TZF.n Cni4- rp ,f <^ 
Purification and Culturin^r nf CD34* CF.T.T S 

5 The CD34* antigen, present on approximately 0.5-1 .0% of mononuclear bone marrow 

'and umbilical cord blood cells, marks measurable human hematopoietic stem and progenitor 
cells. Umbilical cord blood cells were obtained from normal human fetal deliveries, and 
mononuclear cells were purified by centrifiigation over FicoU-hypaque. CD34* cells were 
isolated by immunomagnetic selection with the Miltenyi MiniMACS CD34 Multisort 

1 0 Isolation Kit (involves (1 ) incubation of cells with anti-CD34 antibody coupled via dextran 
to immunomagnetic particles, (2) isolation of magnetically-labeled cells by passing through 
a column attached to a magnet, (3) release of cells from magnetic particles by cleavages with 
dextranase, (4) separation of cells from magnetic particles by passing through column 
attached to a magnet). Subsequent FACS analysis, with another anti-CD34 antibody 

1 5 recognizing a different CD34 epitope, demonstrated that the cells were 90% pure for CD34 
expressing cells. Purified cells were maintained overnight (18 hrs) in serum free medium 
(Iscoves Modified Dulbecco's Medium (IMDM, Gibco) supplemented with bovine serum 
albumin (2%, StemCell Technology), insulin (10 micrograms/ml,), transferrin (200 
microgram/ml, ICN), 2-mercaptoethanol (0.05 mM, Sigma), low-density lipoprotein (40 

20 microgram/ml, Sigma), and pen-strep (100 units and 50 microgram/ml, respectively) 
containing 20 ng/ml human Flt-3 ligand (Peprotech), 20 ng/ml human Interleukin-3 (IL-3, 
Peprotech), and 20 ng/ml human Stem Cell Factor (SCF, Peprotech) [IMDM/F-3-S] at 37" C 
with 5% COj. 

25 Preparation of Fihronectin -Coated Surface 

A 6 mm glass cloning ring was attached via vaseline to a 35_mm tissue culture dish 
(Coming). The dish surface enclosed by the cloning ring was coated with fibronectin by 
adding 30-50 microliters of a 50 microgram/ml fibronectin solution (Boehringer Mannheim, 
#1051-407) in phosphate buffered saline (PBS, Sigma), and incubating overnight at 4 "C 

30 (alternatively, can be for 45 min. at room temperature). Excess fibronectin-containing 
solution was removed from the cloning ring immediately prior to addition of cells. 
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Attachment of rn34- r.ii^ i:i| TrTT p ect.n.rn^t .^ p,-^^ 

After overnight culture, cells were prepared at a concentration of 8 x 10* cells/ml in 
IMDM/F-3-S. TOs cell-containing media (25 microliters containing approximately 2000 
cells) was mixed v^Ui 25 microliters of media aMDM) conditioned2 

5 hybridoma cell line (ATCC ^-243 which produces antibody reactive with Integrin beta 
-human CD29). The 50 microliters of cell/antibody mixture was placed into a 6 mm glass 
clonmg nng enclosing the fibronectin-coated surface. Cells, in the presence of antibody 
were allowed to attach to fibronectin for greater than 30 min. at 37 <>€ in the presence of 5'^ 
CO3. Subsequently, 1 ml of IMDM/F-3-S was added outside the cloning ring, and the 35 mm 

0 plate containing cells and cloning ring was spun at 600 rpm for 5 min (Beckman low-speed 
GS-6R centrifuge, swinging bucket rotor, brake off). 

Microinjection of Cni4- r.iic »^||^ fij n p,.^^^^ 

Fine glass microinjection needles were prepared from thin^walled borosilicate glass 
> capillaries (Sutter, 1 .2 mm O.D.. 0.94 mm I.D.) with an automated pipet puller (Sutter, P.87, 
3 mm box filament). Scanning Electron Transmission (SE) microscopy was used to" 
determine the outer diameter of microinjection needles pulled with the identical program; 
O.D.S between 0.17 and .22 micron were obtained. FITC-dextran (150,000 M.W., Sigma) 
ata concentration of 0.25% (weight per volume) in 50 mM Hepes (pH 7.2/100 mM KCl/5 
mM NaH,PO,) was passed through a 0.02 micron filter (Worid Precision Instruments) and 
centrifuged at high speed (10,000 rpm, lEC Centra.4b) before loading via an Eppendorf 
microloader into microinjection needles. Microinjections were perfomied manually with a 
Narishige micromanipulator mounted on an Olympus OMT-r inverted microscope (with 
heated stage) with a 40x phase dry objective. Pressure for fluid delivery was provided by an 
SAS 10/2 Screw Actuated Air micro-injection/aspiration syringe.-The cloning ring was 
removed immediately before microinjection. After flow of fluid from the needle was 
confirmed. 60 cells (in approximately 30-45 minutes) were microinjected with approximately 
2-10 femtoliters of FITC-dextran. Although deliver, of material was targeted for the 
nucleus, some material was delivered to the cytoplasm. 

" Monitoring and Sub-sequent Cultnrp nf Mi r^ oiniected T^lk 

After microinjection, a larger cloning ring (8 mm diameter) was placed around the 
region of microinjected cells. Delivery of FITC-dextran to cells was monitored by 

16 
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fluorescence microscopy with a Nikon Diaphot 300 inverted microscope with fluorescence 
attachment (FITC). Both bright-field and fluorescence images can be captured and saved 
with a Hamamatsu chilled CCD camera and controller, Sony Trinitron monitor, frame 

grabber, and networked .Gateway...486-25r Within- ^30- m.in::after -microinjection, 

5 approximately 35 FITC-positive cells (out of 60 total; 58-67%) were clearly identifiable. A 
significant number of the cells clearly showed nuclear localization of fluorescence; some 
showed both nuclear and cytoplasmic localization, and a small number showed only 
cytoplasmic fluorescence. Twenty-four hours post microinjection, 1 9 fluorescent cells (32%) 
were still visible; seventy-two hours post microinjection, 16 fluorescent cells (32%) were 
10 visible. 



EXAMPLR2 

TRANSGENE CONSTRTirT 

15 The present example is provided to demonstrate the utility of the present invention 

for providing transgene constructs that include a nucleic acid sequence encoding a gene of 
interest, such as a therapeutic gene, and the successful stable incorporation and expression 
of the therapeutic gene, in a cell. The gene may be any mammalian gene, or 
pharmacologically active firagment thereof, and particularly a human gene. 

20 The present example describes a number of transgene constructs that express bodi the 

red shifted Green Fluorescent Protein (rsGFP) reporter gene and the human O*- 
methylguanine DNA methyltransferase (MGMT) gene. The MGMT gene is one that would 
provide chemotherapeutic agent resistance to cells, and hence would provide a desired and 
useful treatment for a patient exposed to chemotherapeutic agents. For example, such may 

25 include patients with cancer/tumors undergoing chemotherapy as part of an anti-cancer 
regimen. — 

Since the rsGFP reporter pemiits rapid and sensitive assessment of expression, it will 
permit a rapid deiemiination of nuclear-specific gene deliver and transgene persistence. The 
human MGMT gene was chosen because MGMT transgene expression in mouse stem cells 
30 is sufficient to protect them fi:om the toxic effects of alkylating agents such as BCNU. The 
present invention provides methods for targeted expression of MGMT in human stem cells, 
and further demonstrates the utility of the invention for in vivo enrichment of transdiiced 
stem cells. 
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In some embodiments, the invention provides a method for the stable transduction 
of pnmitive cord blood cells, and the preparation of immature cord blood populations 
ennched in SRC activity. Improved methods for stable integration frequency in cell co 
- — ^^^ constructs flanked by HIV-I LTR or AAV m : 
5 Integrase or AAV Rep" are also provided. 

Four particular transgene constructs are defined in FIG. 6. All include MGMT. 

EXAMPT.T?r< 

10 HUMAN QRNF THFP APY MF-mnng - 

Th. present example demonstrates the utility of the present invention for providing 
a gene therapy treatment for humans. 



15 



20 



25 



30 



The number of stem cells that hied be delivet^d to humans for long tenn" 
reconstimtion may be extrapoted from mouse, large animal, and human studies to pennit 
a reasonable esdmate. Since the genetic therapies umier consideration will frequently be 
dtrected to children, these estimates are based on their smaller body weight Although a 

stgrnficantnumber of unma,iced.sho,,-tem,.eco„satt,ti„g„,b may be co^liveredto better^ 
facrhute rapid engraftaent and survival, the focus here is on the much smaller number of 

gene-modtfled, long-term reconsdtutingstemcells.a)Th,eei„depende„tmouse studies have 
reponed long-term reconstitutionwiU, as few as 20 marrow cells [Halbert.,,,/ 1995] 10 
marrow cells [Russell e, al., 1994], or even 1 marrow cell (20% of mice reconstituting 
fAlddna e, al.. 1994]). If dhect scaling by weight alone is appropriate, an average 
reconsutution requirement of 5 celU for mice would extrapolate into approximately a 5.000 
marrow cell requiremem for a hum» child, b) In human marrow transplantation, 
muumal dose typically delivered is 1 x 10' nucleated cells per kg body weight [Challita and 
Kohn. 1W4]. equivalent to 2.5X 10' cells fora25 kg child Exp^im^al dau and modeling 
of felme hematopoiesis imiicate that the stem cell frequency is approximately 1 inl 7 x 10« 
marrow cells [Lu„„/., 1994]. If this same frequency holds for human marrow, delivety of 
2.5 X 10' cells corresponds to delivery of 1450 stem cells, c) Children reconstitute witf. as 
htUe as 30 mis of ,ransplant«l cord blood, likely due to the significant proliferative potential 
of prmuttve hematopoietic cord blood cells [Sadelain « 1995]. Assuming appmximately 
1.5 - 3 X 10- nucleated cells in this volume, with a stem cell frequency of I in 10' to I0« this 
translates mto successful engraftment with as few as 150 -3,000 stem cells, d) Evidence from 
engraftmen, of human cord blood cells in NOD/SCID mice suggests a very close relaUonship 
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(if not equivalence) between NOD/SCID reconstituting cells (SRCs) and human stem ceUs. 
SRCs are present at a frequency of ~ 1 in 10* CD34* cells [Kollias and Grosveld, 1992; 
Caterina et al., 1994]. Thus, 30 mis of cord blood (with approximately 3 x 10^ mononuclear 
cells, 1% of which are .CD34*) .contain-approximately -30- SRGs. —Even if the seeding 
5 efficiency of SRCs in NOD/SCID mice is only 10%, this translates into 300 SRCs. Thus, 
all four calculations suggest a number of stem cells in the range of about 150 to about 5000 
would be useful as a treaunent in the practice of the present invention. Successful 
reconstitution is affected by stem cell delivery and engraftment by short-term progenitors. 
It is possible therefore that the stem cell requirements are even less than those calculated in 
1 0 b) and c) above. 

Although the present hematopoietic stem cell-oriented work has been with manual 
microinjection (100-200.injected cells/hr), the presently disclosed methods are expected to 
easily acconmiodate the higher-speed (300-600 cells/hr) automated injection. The automated 
microinjection system may well be adequate for clinical gene therapy applications. 

1 5 Computer automated systems, capable of 1 500 cell injections per hour [Pepperkok et al. , 
1988], may be employed to microinject a sufficient number of stem cells for transplantation"" 
(i.e. 1000-10,000 cells depending on the stable transduction frequency). Any significant in 
vitro or in vivo expansion of stem cells [Emerson, 1996], as well as together widi selection 
for marked cells, would further decrease the number of microinjected stem cells required for 

20 engraftment. 



EXAMPLE 4 
DNA CONSTRUCTS AND GENF THFP APV 

25 

A significant fraction of corrected stem cells present in vivo may be accomplished by 
in vitro selection for marked stem cells prior to engraftment (so that only the successfully 
transduced cells are U^planted into the patient) and/or by subsequent in vivo selection for 
marked stem cells (to enrich for gene marked stem cells at the expense of endogenous, 
30 unmarked stem cells). This will generally require transduction of stem cells with two 
independently regulated genes present on the same DNA construct: the selectable gene 
targeted for expression in stem/progenitor cells and the therapeutic gene (e.g. AD A or globin) 
- targeted for expression in the required cell type. Genes potentially useful in in vitro 
selection of transduced stem cells include rsGFP or truncated nerve growth factor receptor 
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(tNGF-R). Transduction of stem cells with the human O'-methylguanine DNA 
methyltransferase (MGUT) gene wUl enable in vivo selection of sumving. marked stem cells 
by briefly treating patients with alkylating agents of the nitrosourea class (e.g. U-bis (2- 
chloroethyD-l-nitrosourea; BORJ).. Whereas most anti-neoplastic drugs (e.g. Taxol) are 
5 toxic to cycling hematopoietic progenitors, sparing the quiescent hematopoietic stem cells 
nitrosoureas, such as BCNU, also exert their DNA-damaging and toxic effects directly on the 
stem cells. MGMT, which removes 0«-alkylguanine induced in DNA by various alkylating 
agents, is normally expressed at very low levels in hematopoietic stem/progenitor ceUs. 
However, when exogenously expressed in cells, MGMT confers cell resistance to BCNU 
) CCNU. dacarbazine, N-methyl-N'-nitro-N-nitrosoguanidine, temozolomide. and 
streptozotocin. For example, mice expressing MGMT in their stem cells were resistant to 
BCNU-induced hematosuppression [Maze et a/., 1996]. The human multiple drug resistance 
gene (MDR-1 ) has been proposed for in vivo selection of transduced stem cells. Human stem 
cells already constitutively express MDR-1 [Chudhary and Roninson, 1991]. Hence, the 
enrichment for adduced cells by MDR-1 resistant drugs (e.g. taxol) as employed iri the 
practice of the present invention is expected to occur at the level of progenitors but not stem 
cells. As is true for any proposed in vivo selection (e.g. BCNU. taxol) for marked 
hematopoietic cells, drug toxicity for other organs and cells will be minimized. MGMT 
transgene expression, by itself, is expected to confer resistance in hematopoietic cells to 
agents such as BCNU employed in high-dose or repetitive chemotherapy for breast and other 
cancers (Maze ei ai, 1996]. 

In one aspect, gene therapeutic applications of stem cell microinjection may include 
the following elements: Approximately 1-10x10^ highly enriched stem ceUs wiJ be obtained 
from cord blood, and will be temporarily immobilized. Microinjection of these cells will 
deliver a reproducible volume- containing DNA. and in some embodiments, also include 
integration enzyme(s>-such that 1-3 copies of the DNA are successfully integrated per cell 
Microinjected DNAs of 1 5-25 kb in size, containing two independently regulated transgenes. 
will be integrated without rearrangement. One transgene, targeted for expression in stem 
cells, will provide for in vitro (e.g. rsGFP, or truncated nerve growth factor receptor; tNGF- 
R) or in vh;o (e.g. MGMT) selection of transduced stem cells. TT^e therapeutic transgene (e.g. 
ADA for ADA SCID, globin for hemoglobinopathies, MDR-1 for chemoresistance) will be 
targeted for expression in the appropriate hematopoietic cells. Microinjection would also be 
an appropriate method for eventual nuclear deliveo' of artificial human chromosomes and/or 
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episomal plasmids capable of persistent maintenance. In some embodiments, cell viabilities 
greater than 80% post microinjection and stable transduction frequencies greater than 25% 
are expected to be provided. 



5 EXAMPLE 5 

PURIFICATTON AND RTOLOGICAT. 

OF PRIMTTTVF, CORD RT.non PFT T ^ 

CD34^ CD347CD38-, and CD347CD38my- 1"" populations of cord blood ceUs are 

1 0 provided. CD34* hematopoietic cells, representing approximately 0.5-1 .0% of nucleated 
umbilical cord blood and bone marrow cells, comprise all measurable human stem/progenitor 
activity. The CD347CD38- phenotype (approximately 5-10% of CD34* cord blood cells) 
characterizes an even more primitive subpopulation. Cells capable of engrafting human 
hematopoiesis in the immunodeficient NOD/SCID mice— considered to be more primitive 

15 than LTCICs and colony forming cells— are present exclusively in the CD347CD38" 
population [Dick et al., 1996; Dick, 1996]. CD347CD38- cord blood cells are highly 
enriched in the primitive CD347CD45Ra-''7CD71-^'' phenotype identified by Mayani et al. - 
[Mayani et al, 1993]. Their further demonstration— that the Thy-1'» subset of 
CD347CD45Ra*^7CD71-"'' cells represents an even more primitive population of cells — is 

20 consistent with the characterization of human fetal liver stem cells as being CD3471in"/Thy- 
1'°. The present inventors have observed that CD347CD38-miy-l"' cells (approximately 10- 
25% of CD347CD38' cells) are significantly more enriched Uian CD347CD38"/Thy-r cells 
in LTCICs that produce colony forming cells generating large numbers of progeny. Based 
on the above considerations, CD34*, CD347CD38-, and CD347CD38-/Thy-l'» phenotypes 

25 represent increasingly enriched populations of human stem cells. 

Protocols to purify and functionally assay these particular cell=populations— to permit 
the microinjection and stable transduction assays — are thus to also be provided. 

EXAMPLE 6 

30 PURIFTCATTO N OF CD347rni«- ANr> 

CD347CD38n-H Y-l"'CFLT..^ 

Umbilical cord blood cells were obtained on a weekly basis (2-4 samples per week; 
total of 100-250 mis) from normal deliveries at UTMB, and pooled mononuclear celt;? : 
3 5 isolated by centrifugation over FicoU-hypaque. CD34" cells are isolated by immunomagne . 
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selection with the Miitenyi MiniMACS CD34 Multisort Isolation Kit. Isolated ceUs are 
obtained free of attached magnetized particles (by cleaving the dextran antibody-particle 
linker with dextranase). Recovery was typically 70-90% of the expected CD34 cell number 
(100 mis of cord blood typically yields 1-2 x 10» mononuclei tells; with 0034 isolation 
giving 1-2 X 10* cells with 90-95% viability and 80-95% CD34 positivity). Fluorescence 
activated cell soning (FACS) with a Becton-Dickinson FACS Vantage instrument is then 
employed to isolate specific CD34* cell subpopulations. Cells satisfying the sort criteria are 
either bulk sorted into tubes or a pre-specified number are deposited into individual wells of 
a 96 well plate via an Automated cell deposition unit (ACDU). For purification of 
CD347CD38- cells, the enriched CD34* cells are stained with PerCP.CD34 and PE-CDSS 
antibodies, and cells satisfying both the CD34VCD38- and low side and forward scatter 
criteria are isolated. CD347CD38- cells typically comprise approximately 5-10% of the total 
CD34- cells; with an actual sort recovery rate of 50%. we yield approximately 2-5x10^ 
CD347CD38- cells per sort. Excellent purity of the sorted CD347CD38- cells was obtained. 
The primitive nature of the sorted CD347CD38- cells was substantiated by the vast majority 
of them exhibiting the CD45Ra-«o/CD71-^'> phenotype. The CD347CD38- population may ' 
in some instances subdivide into Thy-l" (approximately 10-25% of the CD347CD38-cells) 
and Thy-1- (approximately 75-90% of CD347CD38- cells) subsets. Approximately 2-10 x 
10^ CD347CD38my-l'o enriched cells can be typically recovered in such sorts. Such 
provides a method for enhancing a population of cells for primitive (CD347CD38-, 
CD347CD38my-l"') populations of cord blood cells to be used in the microinjection and 
functional assays. 



EXAMPT.F.7 
EXPRESSION OF r.OFP RV MTrpnr^jrpnTpp 
CD34- CmdVrvS^^rr^y ..o nj.j j o 

Transient reponer gene expression in cells microinjected with DNA is demonstrated 
in the present example. The rsGFP reporter is the represented DNA employed. It pennits 
rapid assessment of gene expression, without the need for additional antibody labeling or 
enzymatic assays. . . 

Cells are isolated and attached to fibronectin. Cells are generally microinjected with 
about 100 to about 250 ng/microliter solution, in microinjection buffer, of plasmid DNA 
expressing the humanized rsGFP protein under control of the cytomegalovirus (CMV) 
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promoter/enhancer. Microinjection needles of 0.2 +/- 0.02 micron O.D. are presently 
employed. rsGFP expression is monitored by fluorescence microscopy using a filter set 
optimized for rsGFP detection. rsGFP expression in 10-15% of injected cells, 5-24 hours 
post injection was generally.obsefved." AltHough this frequency gradually decreases with 
increasing time of culture and observation, expressing cells (and a smaller number of 
dividing, expressing cells) were observed as late as 4-5 days after microinjection. Since the 
FITC-dextran injection results suggest that approximately 30-50% of injected cells survive 
quantitative delivery of injected material (24 hrs post injection), then approximately 20-50% 
of successfully injected cells transiently expressed rsGFP 5-24 hours post injection. In 
general, the rsGFP-expressing cells appear to be in very good condition, with normal 
morphology. However, there are occasional expressing cells whose condition deteriorates 
with time. No significant difference in the expression frequency among CD34*, 
CD347CD38-, and CD347CD38-yThy-l "populations was observed. This data provides 
dispositive evidence for transgene expression in primitive CD347CD38"/Thy-1 " cells. 
Further studies will be required to elucidate the gradual decline in the number of rsGFP- 
expressing cells. However, this pattern is not unexpected since almost all expression should 
be from unintegrated DNA copies — and expression should decrease as the unintegrated 
copies become degraded. 

20 EXAMPLE 8 

EXPRESSION AND PIJRTFTr.AT ION OF AAV Rep^'- 
M-MuLV TNTEGRASE PROTF.TNS 

Integration of microinjected DNA sequences is facilitated in some aspects of the 
25 invention by flanking them with specific AAV (ITR) or M-MuLV (LTR) sequences, and 
coinjecting them with proteins (AAV Rep'* or M-MuLV Integrase, respectively), which by 
interacting with these sequences, will enhance and/or facilitate their integration. Bacterially 
expressed and purified protein has been used in these studies. A fusion protein consisting 
of the maltose binding protein (MBP) fused to AAV Rep'* has been expressed in bacteria. 
30 It has been purified to approximately 90-95% homogeneity by double passage over an 
amylose column (MBP-Rep" 120 kD, total protein obtained ~1 mg; Figure 4). The MBP- 
Rep™ expression construct used is described in Batchu et al. (1995). The MBP-Rep'' fiision 
protein, purified in the identical manner, was reported herein to exhibit in vitro binding to 
the AAV ITRs, endonuclease activity, and helicase activity [Batchu et al., 1995]. The 

23 



10 



PCT/US97/24236 



10 



15 



20 



25 



30 



present invesUgators purified material exhibits binding to the AAV ITR sequences 
Additional experiments confrnn that the binding of MBP-Rep'" to AAV ITR sequences is 
sequence specific (i.e. minimal binding to control, inelevant DNA sequences) and results in 
the expected endonucleolytic clekV^ge of ihe lTR'hairpin structure; 'iT^ese data demonstrate 
that the purified MBP-Rep- protein has in vitro activity consistent with that of Rep'» alone 
It is therefore expected that it will be active in microinjected cells. Should the fused MBP 
sequences interfere witii integration activity, they will be removed from Rep" bv cleavage 
with factor Xa (a factor Xa cleavage site in present at the site of fusion between MBP and 
Rep'«). A similar construct for expression of an MBP-Integrase fusion protein has been 
generated in the present inventor's laboratory (the M-MuLV Integrase sequences described 
in Johnson ai, (1993). Sequencing of the expression construct has confirmed the 
appropriate in-frame fusion. The fusion protein has already been over-expressed in bacteria 
and has already been purified to ~70-80o/o homogeneity by single passage over amylose 
(Fig. 5; MBP-Integrase 88 kD). Similar GST- and histidine-Integrase fiisions have 
previously been shown to function in in vitro integration reactions. Again if MBP interferes, 
with Integrase activity. MBP will be released by factor Xa cleavage. Alternatively, die GST- 
Integrase fusion protein will be expressed and purified [Dotan et ai, 1995]). 

EXAMPT.F. Q 

lINEARIZF.n T.TR-DNA AMn ttR-DNA rnM<;TPTrrxc 

For evaluation of integration strategies in hematopoietic stem cells, constructs will 
be employed that are capable of expressing both tiie red shifted Green Fluorescent Protein 
(rsGFP) reporter gene and the human MGMT gene. The rsGFP reporter gene in 
microinjection has been employed by the present investigators. It permits rapid assessment 
of ti^sgene expression, without the need for additional antibody labeling or enzymatic 
assays. In addition, it may be employed for in vitro selection of successfully transduced stem 
cells prior to transplantation into humans. The human MGMT transgene will be employed 
because its expression in stem cells is sufficiem to protect them from Uie toxic effects of 
specific alkylating agents (e.g. BCNU; [Maze et al, 1996]), allowing rapid in vitro selection 
of gene-modified stem cells. We believe that inclusion of MGMT as a selectable marker 
gene may evenmally enable in vitro or in vivo enrichmem of stem cells co-transduced with 
a therapeutic gene (e.g. giucocerebrosidase). rsGFP and human MGMT will be employed 
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from the rsGFP-MGMT family of constructs (Fig. 6; ail of these constructs have already 
been generated). The phosphoglycerate kinase (pgk) promoter, highly active in immature 
and mature hematopoietic cells, as well as in fibroblasts, will be used to drive expression of 

both rsGFPand-MGMT genes. . • ... - v-. . . 

5 There are two potential strategies for stable in vitro transduction of quiescent 

hematopoietic stem cells. The first is to facilitate the integration event directly in the 
quiescent cell ex vivo (denoted 'integration-quiescent'). The second is to deliver the DNA 
(perhaps together with integration enzymes) to the quiescent cell and establish a stable 
transduction intermediate, which can later be integrated when the cell is returned to its in 

10 vivo environment and undergoes a self-renewing cell division (denoted 'integration- 
quiescent/cycling'). There is evidence (AAV vectors [Russell et a!., 1994] and HIV-1 based 
vectors [Naldini et al, 1996]), for the existence of such transduction intermediates in 
quiescent cells, capable of subsequent integration when cells go into cycle. 

A plasmid backbone containing the AAV ITRs has been completed, and the rsGFP- 

15 MGMT sequences inserted between the Pac I and Asc I sites to generate prsGFP- 
MGMT/ITR. Linearized ITR-flanked rsGFP-MGMT sequences will obtained by digestion 
with Fse I and Sfi I. Circularized rsGFP-MGMT/ITR sequences, absent the plasmid 
backbone, will be generated as diagramed in Figure 9. The Sfi I site has been converted in 
prsGFP-MGMT/ITR to create a second Fse I site. The construct will be linearized and 

20 backbone plasmid sequences removed via Fse I digestion, religated to circularize at the Fse;. 
I site, and circular molecules purified on an agarose gel prior to microinjection. 

Co-delivery of Integrase with LTR-flanked transgenes and co-delivery of Rep^* with 
ITR-flanked transgenes are expected to increase the rate of integration. Examining both 
linear and circular ITR-containing constmcts will demonstrate which substrate Rep^' utilizes 

25 for wild-type AAV , integration. 

The joint delivery of naked DNA (i.e., DNA not within a delivery vehicle such as 
liposome) and Integrase or Rep^* to cell nuclei has not previously been attempted, and as part 
of the present invention provides an improved approach to genetically modifying important 
cell t>'pes. 

30 ....... . 
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an p.„„, ^^^^ . 

.n«gra«„„ .ac.o. a„ .he e«.eo,e ,0-12 bp Lm .e™™ [Goff. ,992. Ooodaai 
.9 5, R=,c,„ eMU995; LaFen^ 

W.U. th«c ..,ue„«. .0 facUita. u.«g.ti„„ j,^^ ^ 

< 1995; Reioin « ,995; LaF«ni„a « ,99,]. T„e« appea. .„ be no si.e sp^ificity 
for .megra^on of re^ovira, vec»^ a,U,ough mere is a p„fe.ence for i„«g„ao„ in«, fte 
chromaun of ttanscriptiona„y active genes [Vijaya e, a,.. ,986; Wifte^-Ward « al ,994] 
andap.fe„nc=»ithr=spe«,o„uc,eos„™Uc„„fo™atio„[Pn.s«.,.. ,994] WUd-type 
AAV . un„ue 1„ its preferenUa, integration i„,o a specific region of the h™a„ genotne. 
AAV Rep ,s required for chromosome ,9 specific integration, since rep- AAV vectors do 
no.haveth=samepa.,emofsite.specificintegn«ion as rep- AAV vectors (Muzyczk^ ,992] 
The Rep" ptotein is beiieved to p,ay several essentia, roles in chromosome , 9 specific AAV 
mte^uon - mediating the formation of a complex be.««n a 12 nucleotide se,.ence within 
.he ITRsandasimiiarsequence on chromosome >9(,heAAVS, region) prior to integration, 
and aiso tntroducing a strand-specific break within AAVSl [Linden.,./.; ,996]. „^ ^ 
recently repor^d that co-transfecUon of ce,. with an ITR-flanked gene (lacZ) togedter wiU, 
a Rep expression construct yielded a ,0 fold increase in the n«,ber of suble lacZ- 
expressmg cells. ,n addition, the majority of integrants were Chromosome 19 specific and 
— up to 35 kb in Size could be integrated - p^vided they contained at leas, a single 
ITR (Natsoults e.ai.. 1995,. These results strongly indicate that simple deliverv of ,TR- 
flanked sequences together wi* Rep" protein will also ftcilitate integration - likei; to occur 
.n a stte-specific. or a. least site-pteferred. manner. Providing tite purified Integras; or Rep" 
protem together with the delivered DNA, possibly as a preformed DNA/ protein complex, 
may have advantages over producing the integration proteins in cells ftom an expression 
constiuct. Already delivering an ^TR^^egrase or ITR/Rep" DNA/protein complex will 
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eliminate the need for the expressed proteins to translocate from the cytoplasm to the 
nucleus, and then to find and form complexes with the ALTR or ITR sequences. 

HTV-l is capable of delivering proviral DNA to nuclei of quiescent cells and stably 
_ . transducing quiescent macrophages |>^eiiberg^^^^ 
5 has not yet been conclusively demonstrated that HIV- 1 based vectors can integrate in G„ 
cells, they are capable of establishing a stable transduction intermediate in quiescent Rat 
208F fibroblasts ('integration-quiescent/cycling') [Naldini et al, 1996]. CeUs recruited fiom 
quiescence even 8 days after original infection had stable transduction frequencies equal to 
50% of those infected while in a cycling state. We have chosen to initially examine HTV-l 
10 Integrase (rather than M-MuLV Integrase) will be examined for its abUity to facUitate 
integration; fflV-1 is known to be capable of the 'fiill-site' integration events in vitro 
[Goodarzi et al, 1995] and to stably transduce quiescent cells. Whether M-MuLV Integrase 
is also capable of accomplisfiing integration in quiescent cells is unknown, since pre- 
integration complexes of wild-type M-MuLV and M-MuLV vectors are incapable of 
1 5 transport into the nuclei of quiescent cells [Miller et al. , 1 990]. However, previous studies.- 
have indicated that the actual integration of M-MuLV sequences need not occur during 
mitosis [Roe et al, 1993]. 

High frequencies of integration are also observed for cells transduced with rep- AAV 
vectors [Muzyczka, 1992]. Although the precise structure of the AAV vector DNA prior to 
20 integration is unknown, it is likely that it either exists as a linear duplex flanked by ITRs or, 
as is postulated to be the case for wild-type AAV, is circularized in the nucleus prior to 
integration [Linden e/ a/., 1996]. AAV vector DNA integrates into cellular DNA as one to 
several tandem copies joined to chromosomal DNA through the ITR termini [Flotte and 
Carter, 1995]. When linked to other transgene sequences, the ITRy alone are sufficient to 
25 confer increased rates of integration [Philip et al. , 1994]. There is controversy regarding the 
ability of rep* AAV vectors to directly transduce non-cycling cells [Podsakoffe/ a/., 1994; 
Russell et al., 1 994]. Although AAV-vectors prefer cycling cells for transduction, they either 
directly integrate at low frequency in non-cycling cells ('integration-quiescent') [Podsakoff 
et al., 1994] or exist as single stranded episomes in non-cycling cells and subsequently 
integrate as double stranded DNA when the cells go through S-phase ('integration- 
quiescent/cycling') [Russell et al, 1 994]. 
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The ability of Integrase to facilitate integration of linearized ALTR-flanked rsGFP- 
MGMT sequences. The rsGFP-MGMT sequences will be flanked by the most tenninal 20 
bp HIV-l LTR sequences to generate rsGFP-MGMT/ALTR. This linear constnict will be 
generated by PCR employing- primers 35 bases in length : 15 b^es coaesponding to the 
5 extremersGFP-MGMT sequencesand20basesidenticalto HIV-l LTRtermini Cellswill 
be micromjected with either PCR-generated linear molecules of rsGFP-MGMT/ALTR pre 
incubated with Integrase. or with PCR-generated linear molecules of rsGFP-MGMT/ALTR 
alone. Since 20-30 kb sequences can be generated by PGR amplification using optimized 
protocols, this approach should be generally applicable to larger tnnsgene constructs For 
) -^-"-ofthelTlVRep-strategy.cellswillbemicroinjectedeiA^^ 

MGMT/ITR pre-incubated with Rep^ or linearized rsGFP-MGMT/mi alone Circular 
double-stranded proviral DNA may be the relevant substrate for nonnal AAV integration 
This W.11 be evaluated by employing cir-rsGFP-MGMT/ITR. In order to maximize the 
possibility that the integration enzymes locate and bind to their target LTR or ITU sequences 
DNA and proteins will be incubated together prior to microinjection into a cell 
Optimization of integration frequency will likely require varying the following experimental" 
parameters: a) # of DNA molecules delivered per cell, b) # of Integrase or Rep™ molecules 
per DNA molecule, and c) conditions for preloading of DNA with Integrase or Rep'«. In 
addition, it will be determined if the rsGFP-MGMT/ITR integration events were in the 
Chromosome 19 region preferentially used by wild-type AAV - by perfomiing PCR with 
primers that span the potential junction between the AAV genome and Chromosome 19 
sequences. 
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■ FLANKFD TP AtJgr.P|v|ir r^ ONSTRTIPTg 



HIV-I 



The present example demonsu-ates the utility of the present invention for increased 
frequency of stable transduction with co-deliveiy of Integrase^., together with transgene 
30 constructs flanked by ALTR„„., sequences. The ability of Integrase^,., to facilitate 
integration of linearized ALTRHry.,-flanked pgk-tk sequences is also further identified. The 
pgk-tk sequences were flanked by the most temiinal 20 bp HIV-l LTR U3/U5 sequences to 
generate pgk-tk/ ALTR„„., (Figure 7). This linear constnict was generated by PCR 
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employing primers 35-36 bases in length, with 15-16 bases corresponding to the extreme 
pgk-tk sequences and 20 bases identical to LTRhh,., U3/U5 termini. Rat-2tk(-) cells were 
microinjected with either PCR-generated Unear molecules of pgk-tk/ALTR„^., pre-incubated 
■ with Integrasefiiv:!,- or ^yith-PeR-generated"IineM molecules of pgk-tk/ALTRH^., alone. 
5 Since 20-30 kb sequences can be generated by PGR amplification using optimized protocols, 
this approach should be generally applicable to larger transgene constructs. The HIV- 1^^4.3 
Integrase enzyme was utilized. This integrase enzyme has been modified at two amino acids 
to make it more soluble, without affecting its in vitro integration ability. This general 
technique is known to those of skill in the art, and is described in Jenkins et al, 1996. The 
1 0 expression construct pINSD.His.Sol may be used to express and purify additional enzyme, 
as needed. 

cells were grown in Dulbecco's Modified Eagles Medium (DMEM) 
comaining 10% Fetal Bovine Serum (FBS), 100 units/ml penicillin, 100 microgram/ml 
streptomycin, and 2 mM glutamine. On the day prior to injection, cells were plated at 20,000 
1 5 cells per 3 5 mm dishes that previously had 0.4 mm rectangular grids etched into the tissue 
culture surface. DNA or DNA + protein were delivered into the nuclei of cells using 
borosilicate microinjection needles having a tip outer diameter of approximately 0.3 - 0.45 
micron. Solutions of DNA alone contained approximately 42 ng/microliter of pgk- 
tk/ALTRHiv-i (23 nM) in Ix microinjection buffer (50 mM Hepes [pH 7.2], 100 mM KCl, 5 
20 mM NaH2P04) containing 10 mM MgCl,. Injection of 5-10 femtoliters is estimated to 
deliver approximately 70-140 DNA molecules per cell. Solutions of DNA and protein 
contained the same concentration of DNA together with 1 7 ng/microliter Integrasemv., (445 
nM). This value was chosen to yield approximately 20 molecules of injected protein per 
molecule of injected DNA. The DNA solution was passed through a 0.1 micron filer to 
25 remove any aggregates including crystals believed to be MgPO*. 

Typically, 25-30 cells were injected per 35 mm dish, with only one cell injected per 
square of the gridded plate. This was done to facilitate scoring of stably transduced colonies 
after selection in media containing HAT (0.1 mM sodium hypoxanthine, 0.4 micro M 
aminopterin, 16 micro M thymidine). The day following injection, the media was removed 
and media containing HAT was added. HAT medium was changed every 3-5 days. 5-7 days 
post injection, dishes were scanned under the microscope, and the position of potentia* 
colonies growing out of stably transduced cells was marked on the bottom surface of ; 
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dfeh. CoIom««,u«,edof50.200ceIU„Wch«,ntinuedto*owp™iitotionofoelb Tie 
colonic were checked by scaling the dishes ««ce per week for 3 weeks. Only stable 
colomcs (..e., prcse,« at 3 weeks postinjcction) were analyzed in the present studies 

Tie present studies were perfbrnted with pik:dc/ALTii^.;; ^ „ 
In^gm^.,. Tie results are presented in Table 1. These data demonstate that the 
ftequency of stable t„nsdu«ants for pgk-tk/ALTlW., co^elivered with Integr^se^ , was 
4.50/. vs. 1.9% for pgk-tk/ALTTU., alone. This 2.4 fold increase in stable transduction 
ftequency was shown to be signiHcant (p<.05) in a paired Student . test (2 tailed) Even 
fteher optimizaUon may be appteciated by varying, for example. 1) the relative ratio of 

0 '■>'^=»>oleculestoDNAmoleeules.2)thecomposidonofthemic,oinjectionbuffer 3) 
the conditions (e.g. temperature) for pre-incubating flte DNA togedrer with Integras. p^or 
• to mtcroinjeodon. Even greater increases in stable transduction efficiency may thus be 
achieved employing the techniques of die present invention. 



30 



wo 98^8417 



PCT/US97/24236 



Table 1 

HIV-1 ALTR/fflV-1 Integrase Strategy 

PRk-tk/ALTR HIV-l Pgk-tk/ALTR HT V-1 + Jnte.^ ^ ffyy-i 

5 2/56(3.6%) - • — - 1/47(2.1%)" ' ■ 

3/59(5.1%) 5/62(8.1%) 

1/50(2%) 3/50(6%) 

0/50 (0%) 2/50 (4%) 

0/50 (0%) 2/50 (4%) 

10 0/50(0% 1/50(2%) 



6/315(1.9%) 14/309(4.5%) 2.4-fold improvement 

Statistical analysis of the data in Table 1 demonstrates a statistically significant improvement 
15 in the number of cells in which stable DNA integration was obtained. This analysis revealed 
a statistically significant improvement (paired Student t test (2-tailed), p<.05) 
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EXAMPTF 17 

5 The present example is provided to demons"iSte the use of the presenrinvention for" 

use m conjunction with proteins. By way of example, the protein used in the present study 
was an enzyme, Rep- Those of ordinary skill in the art will appreciate that many other 
proteins may be used given the present disclosure. 

The present example demonstrates the utility of the present invention for providing 
mcreased frequency of stable transduction with co-delivery of Rep- together with transgene 
constructs flanked by AAV ITR sequences. For evaluation of the ITR/Rep- strategy, celk 
were microinjected either with linearized pgk.tk/ITR co^ielivered with Rep- or linearized 
Pgk-tk/ITRalone. Linearized ITRiflinked pgk-tk sequences were obtained by digestion with 
Fse I and Sfi I. and then gel purified to eliminate bacterial plasmid sequences. The purified 
MBP-Rep- protein described in Figure 4 was used. MBP-Rep- has been previously 
observed by the inventors to be active in in vitro ITR binding and endonuclease reactions. 
These studies were performed as described in Example 1 1 except that the DNA solution 
contained pgk-tk/ITR at a concentration of 50 ng/microliter (23 nM). the DNA/protein 
solution contained pgk-tk/ITR at 50 ng/microliter and MBP-Rep- at 56 ng/microliter 
(475 nM), and the MgCK concentration was 2 mM. These values were chosen to yield 
approximately 20 molecules of injected protein per molecule of injected DNA. Although tiie 
exact volume delivered per cell was not known, injection of 5-10 femtohters would deliver 
approximately 70-140 DNA molecules per cell. 

The present results are provided in Table 2. A 2.3-fold increase in stable transduction 
frequency was achieved when Rep- was included togetiier with p^k-tk/ITR. For these 
stiidies, the MBP-Rep- protein was added to the DNA solution immediately prior to loading 
of solution into the microinjection needle. Comparison with an initial experiment (not 
shown) in which the DNA/protein solution was not prepared immediately prior to 
microinjection, but rather was maintained for several hours before microinjection, suggests 
that the timing of addition of protein to DNA may be important. 
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Table 2 
AAV ITR/Rep" Strategy 



3/72(4.2%) 5/80(6.3%) 
4/76(5.3%) 8/66(12.1%) 
2/76(2.6%) 7/72(8.7%) 



9/224 (4.0%) 20/218 (9.2%) 

2.3 -fold improvement 



EXAMPLE n 
CIRCULATED CONSTRUCTS FOR 
NUCLEIC ACID INTEGR ATTON 



The present example demonstrates the utility of the present invention for the 
generation of covalently closed circles for facilitating integration. Since circular double- 
stranded proviral DNA may be the relevant substrate for normal AAV integration, and 
possibly for rettoviral integration, it may be useftil to first circularize the transgene 
constructs. One such circularized construct is shown for cir-rsGFP-MGMT/ITR in Figure 9. 
A plasmid backbone containing the AAV ITRs has been constructed, and the rsGFP-MGMT 
sequences -inserted between the Pad and Asc I sites to generate prsGFP-MGMT/ITR. ' 
Linearized ITR-flanked rsGFP-MGMT sequences have been obtained as described above by 
digestion with Fse I and Sfi I, The Sfi I site (the backbone plasmidlequences) in prs GFP- 
MGMT/ITR was converted to create a second Fse I site. The molecule will be linearized and 
removed via Fse I digestion. The molecule will then be religated to circularize at the Fse I 
site. The circular molecules will then be purified on an agarose gel prior to microinjection. 

The above strategy may also be used to facilitate retroviral Integrase-mediated 
integration of transgene constructs. Although the constructs shown in Figure 6 containing 
ALTR sequences (or possibly also the complete LTR sequences) are all linear, it is possible 
that presenting the transgene flanked by ALTR or LTR sequences on a circular constrart 
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would lead to increased frequencies of integraUon. For example, although the substrate for 
retroviral provirus integration is believed to be a linear molecule flanked by LTRs. it is 
conceivable that the circular proviral molecules (containing either one or two LTRs) present 
, .. Jn the nucleus of retrovirally infected cells are also potential substrates for integration. In fact. 
5 use of such circular constmcts. co-delivered with retroviral Integrase protein may lead to 
increased efficiency of integration in comparison with the linear fonn. It is possible that the 
LTRs, or LTR terminal sequences included in such circular constructs may be either in 
juxtaposition to each other, or separated by some distance. By way of example, this distance 
may be defined by a number of nucleic acid bases. For example, the number of nucleic acid 
3 bases separating the first and the second LTR terminal sequences could be between 2 to 
^out 200 nucleotide bases. In some embodiments of the circularized nucleic acid the LTR 
- - terminal fi^gments are separated by about 10 to about 20 nucleotide bases. 

EXAMPLE 14 SITF-SPPrTFir TA RrrFTTNO of t ransopmp ^ m:r^D ajj^^^ ^ly 
' gMPLOYTNG RFTRQVTR AT, INTFGRASF PP^TF ^ ^T T : TJSF.r) TO P^ nrcT^Tc 

HAVING HTGH SPECTFTCTTY OF RrNDTNG TO <;pp rTPrc DNA SPnT rP]v|PT.c " 

Wild-type AAV exhibits preferential integration into a specific region of the human 
genome. AAV Rep'« is required for chromosome 19 specific integration, since rep " AAV 
vectors do not have the same pattern of site-specific integration as rep^ AAV vectors ' 
[Muzyczka. 1992]. The Rep- protein is believed to play several essential roles in 
chromosome 1 9 specific AAV integration - mediating the formation of a complex betvyeen 
a 12 nucleotide sequence within the ITRs and a similar sequence on chromosome 19 (the 
AAVSl region) prior to integration, and also mtroducing a strand-specific break within 
AAVSl [Linden e/ a/., 1996]. As such. Rep" may itself be described as a protein having 
both a binding activity for specific DNA sequences, and an integrase activity. 

There appears to be no site specificity for integration of retroviral vectors, although 
there is a preference for integration into the chromatin of transcriptionally active genes 
[Vijaya et ai, 1 986; Withers-Ward et ai, 1994] and a preference with respect to nucleosomal 
30 conformation [Pruss et ai, 1994]. However, it may ultimately be possible to target the 
precise integration site by employing Integrase linked to high-specificity DNA binding 
domains (Fig. 2) [Goulaouic and Chow, 1996; Bushman, 1994]. The DNA binding domain 
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could either be derived from an existing DNA binding protein, or a novel protein could be 
designed and synthesized to have a high affinity binding specificity for specific genomic 
DNA sequences. For example, it is possible that specific targeting of transgenes to the 
globin locus (by ftising retroviral integrase to the DNA binding domains of GATA-J .or NF- 
5 E2 erythroid specific transcription factors) would facilitate transgene expression specifically 
in erythroid cells. Another potential example would be targeting the integration to chromatin 
known to be 'open' in monocyte/macrophages may facilitate long-term expression of 
therapeutic genes for lysosomal storage diseases. It may be possible to increase the affinity 
and specificity of DNA binding proteins for specific DNA sequences by structural analysis 
10 (e.g. X-ray crystallographic and/or NMR analysis of the interaction between the DNA 
binding domain and the DNA target) of the protein and site directed mutagenesis. For 
example, mutants of the DNA binding domain of the.c-myc.protein having increased affinity • 
for DNA have been described. 



15 EXAMPT,F. 1 5 TTSE OF rONSTRTirTS 

EXPRESSTNCt TNTEGRATTON FN7VMF.S 
In some embodiments, this invention provides for the co-delivery to a cell of a first 
and a second DNA sequence. This first and second nucleic acid sequence may be created as 
two separate constructs, one containing the transgene(s) of interest flanked by appropriate 

20 LTR or ITR sequences, and the other being an expression construct encoding a protein, 
particularly an enzyme capable of facilitating the incorporation of the transgene sequence into 
the cellular chromosomal DNA (i.e. retroviral integrase or Rep^*). Microinjection would be 
capable of co-delivering both the transgene construct and integrase^expressioh construct to 
the nucleus of cells to be genetically modified. After expression and then translation of the 

25 integrase protein in the cytoplasm, it would necessarily have to translocate to the nucleus to 
interact with the transgene construct to facilitate integration. It has previously been described 
that certain retroviral integrases localize to the nucleus after expression in cells. An 
expression construct for the M-MuLV Integrase under the control of the cytomegalovirus 
(CMV) promoter/enhancer sequences has been prepared by the present inventors. In 

30 addition, an expression construct for the AAV Rep" protein under the control of the CMW 
promoter/enhancer sequences has also been generated. 
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SEQUENCE LISTING 

(1) GENERAL INFORMATION: 
5 (i) APPLICANT: Gene-Cell, Inc. 

(ii) CORRESPONDENCE ADDRESS: 

(A) ADDRESSEE: Gene-Cell, Inc. 

(B) STREET: 1010 Hercules Avenue 
10 (C) CITY: Houston 

(D) STATE: Texas 

(E) COUNTRY: USA • 

(F) ZIP: 77058 

(G) TELEPHONE NUMBER: (512) 495-8400 

15 

(iii) TITLE OF INVENTION: NUCLEIC ACID CONSTRUCTS AND 

USES THEREOF FOR DIRECT NUCLEIC 
ACID INCORPORATION INTO CELLS " 

20 (iv) NUMBER OF SEQUENCES: 2 

(v) COMPUTER READABLE FORM: 

(A) MEDIUM TYPE: Floppy disk 

(B) COMPUTER: IBM PC compatible 

25 (C) OPERATING SYSTEM: PC-DOS/MS-DOS 

(D) SOFTWARE: Patentin Release #1.0, Version #1.30 



(2) INFORMATION FOR SEQ ID N0:1: 

30 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 36 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 
35 (D) TOPOLOGY: linear 
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(xi) SEQUENCE DESCRIPTION: SEQ ID N0:1: 
ACTGGAAGGG CTAATTCACT GTTGGGAAGG GCGATC 3 

5 

(2) INFORMATION FOR SEQ ID NO: 2: 

(i) SEQUENCE CHARACTERISTICS: 
(A) LENGTH: 35 base pairs 
10 (B) TYPE: nucleic acid 

(C) STRANDEDNESS : single 

(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID N0:2: 

15 

ACTGCTAGAG ATTTTCCACA CAGGAAACAG CTATG 3 
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mL\T IS CLAIMED IS: 
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1 . A method for increasing incorporation of a naked nucleic acid sequence of a gene of 
interest into a chromosomal nucleic acid of a cell comprising: 

5 preparing a composition comprising a protein and a transgene construct, said 

transgene construct having a nucleic acid sequence of interest flanked by a 
long terminal repeat sequence or a fragment thereof, and 
introducing the composition to a nucleus of the cell, 
wherein stable incorporation of the nucleic acid of interest into the chromosomal nucleic acid 
10 of the cell is enhanced in the presence of the protein over incorporation of the nucleic acid 
of interest in the absence of the protein. 

2. The method of claim 1 wherein the protein is further defined as an mtegrase enzyme. 

15 3. The method of claim 1 wherein the long terminal repeat sequence is further defined 
as a retroviral long terminal repeat or a fragment thereof 

4. The method of claim 1 wherein the enzyme is further defined as a retroviral integrase. 

20 5. The method of claim I wherein die protein is further defined as a fusion protein 
comprising an enzyme fused to a nucleic acid binding protein. 

6. The method of claim 5 wherein the protein is further defined as comprising an^: 
enzyme fused to a DNA binding domain of GATA 1 or NFE 2 capable of binding a sequence 

25 within a globin locus. _ 

7. The method of claim 6 wherein the enzyme is a retroviral integrase enzyme. 

8 . The method of claim 4 or 6 wherein the retroviral integrase enzyme is further defmed 
30 as a recombinant retroviral integrase protein. 

9. The method of claim 8 wherein the recombinant retroviral integrase protein is HIV- 1 , 
M-MuLV, SIV, FeLV OR EIAV." 
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10. The method of claim I wherein the cell is a mammalian cell. 



PCT/US97/24236 



1 1 , The. method of claim 1 0 wherein the mammalian cell is a fibroblast, hematopoietic 
stem cell, endothelial, mesenchymal, epithelial, or glial cell. 

12. The method of claim 1 wherein the transgene construct is defined as rsGFP- 
MGMT/LTR. 



1 3 . The method of claim 6 wherein the nucleic acid binding protein is further defined as 
1 0 capable of binding a nucleic acid sequence. 

14. The method of claim 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 1 1, 12 or 13 wherein the composition 
is introduced into the nucleus of a cell by microinjection. 

15 15. The method of claim 1 wherein the transgene construct is MGMT/MDR-1. 

16. A method for increasing incorporation of a nucleic acid sequence of interest into 
chromosomal nucleic acid of a cell comprising: 

preparing a composition comprising an integration enzyme and a transgene construct 
20 * having a nucleic acid sequence flanked by an adeno-associated virus inverted 

terminal repeat or fi-agment thereof; and 
introducing the composition to the cell. 

1 7. The method of claim 1 6 wherein the integration enzyme is Rep^^ 

25 

1 8. The method of claim 1 6 wherein the transgene construct is prsGFP-MGMT/ITR. 



1 9. The method of claim 1 6 wherein the composition is introduced into the cell through 
microinjection. 

30 

20. The method of claim 1 6 wherein the cell is a mammalian cell. 

21. A composition comprising: 
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a transgene construct having a nucleic acid sequence flanked by long terminal repeat 

or a fragment thereof; and 
an enzyme capable of facilitating the integration of the nucleic acid sequence into 

nucleic acid of a cell. 

5 

22. The composition of claim 2 1 wherein the long terminal repeat sequence comprises 
a length of about 10 to about 20 base pairs in length. 

23. The composition of claim 2 1 wherein the transgene construct is rsGFP-MGMT/LTR. 

10 

24. A composition comprising: 

^ transgene construct having a nucleic acid sequence of interest flanked by an 

adeno-associated virus inverted terminal repeat sequence or fragment thereof; 
and 

1 5 an integrase protein. 

25. The composition of claim 24 wherein the integrase protein is Rep". 

26. The composition of claim 24 wherein the transgene constmct is prsGFP-MGMT/ITR. 

20 

27. A circularized nucleic acid construct comprising: 

a nucleic acid sequence of interest flanked by a first Integrase recognition sequence 
and a second Integrase recognition sequence (IRS) 
wherein said first IRS and second IRS are in juxtaposition to each other or are between about 
25 2 to about 20 nucleotide bases from each other. 

28. The circularized nucleic acid construct of claim 27 wherein the integration 
recognition sequences are AAV inverted terminal repeat regions or fragments thereof. 

30 29. The circularized nucleic acid construct of claim 27, wherein the IRS's are LTRs or 
fragments thereof. 
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30. The circularized nucleic acid construct of claim 28, wherein the LTRs are further 
defined as HTV-l sequences. 



31, A method for increasing incorporation of a nucleic acid sequence of interest into 
5 chromosomal nucleic acid of a cell, comprising 

preparing a composition comprising a first nucleic acid sequence comprising a 
transgene construct containing a nucleic acid sequence of interest flanked by 
a terminal fragment of a long terminal repeat sequence; and a second nucleic 
acid sequence encoding a protein capable of enhancing the incorporation of 
1 0 the sequence of interest into the chromosomal nucleic acid of the cell. 



32. The method of claim 31 wherein the second nucleic acid sequence encodes an 
integration en2yme. 

15 33 . The method of claim 32 wherein the long terminal repeat sequence of the transgene 
construct is fiirther defined as a retroviral long terminal repeat sequence, 

34. The method of claim 33 wherein the cell is a mammalian cell. 

20 35. The method of claim 31 wherein the first nucleic acid sequence and the second 
nucleic acid sequence are not co-extensive widi one another. 
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